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SEEUMEATI S

PREFACE

The work described in this report was accomplished as support effort for several
projectile research and development programs being conducted at Chemical Systems Laboratory.
The work was started in September 1976 and completed in September 1977. The computer
program is general in nature and should be applicable to any study of a projectile’s trajectory.

Work was authorized under Project 11.162622A554-1, Lethal Chemical Weapons
Technology. »

Reproduction of this document in whole or in part is prohibited except with
permission of the Director, Chemical Systems Laboratory, Attn: DRDAR-CLJ-R, Aberdeen
Proving Ground, Maryland 21010; however, DDC and the National Technical Information
Service are authorized to reproduce the document for US Government purposes.
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SUMMARY

This report describes a computer program that predicts the flight trajectory, spin
decay, and gyroscopic and dynamic stability factors for spin- or fin-stabilized cannon-launched
projectiles with solid or liquid payloads. The program provides a fast, accurate, and efficient
method of evaluating projectile trajectories. A short introduction provides the mechanics of
trajectory theory. However, no effort is made to give a complete mathematical analysis of the
theory. The theory may be found in the literature cited (given as footnotes in the report).
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I INTRODUCTION.

The purpose of this report is to present a computer program that assists design
personnel in analyzing projectile flight. After aerodynamic coefficients for a proposed munition
shape are derived from wind tunnel tests, a prediction of projectile stability, range, and accuracy
must be made. In addition, the effect on projectile flight of a liquid payload or shift in
center-of-gravity location may be required. This program can be used as a design tool in
analyzing projectile flight.

]
!
|
i A COMPUTER PROGRAM FOR ANALYZING PROJECTILE FLIGHT TRAJECTORY
|
|
P
!

II. THEORY.

A. Simple Particle Trajectory.

As in any trajectory, simple particle trajectory is the curve traced by the center of
gravity of a projectile with respect to a horizontal surface when fired at a particular
charge/elevation combination. However, simple particle trajectory uses velocity and aerodynamic
drag to calculate the horizontal and vertical velocity components. :

The fundamental equations used in the computer program are:

- drag .
= [————2 __  -gsin@) At
v (projectile mass ) M
gcos @
A = ( v )At )]
i. AX = (Vcos6) At 3) :
‘ AZ = (Vsin 8) At @

where

Lt et et

% V = projectile velocity

= acute angle between a horizontal plane and the tangent
to the trajectory at the projectile center of mass

g = gravitational constant :

t = time

X = horizontal distance

Z = height above horizontal plane




B.  Spin Decay for Liquid-Filled Projectiles.

When a projectile is fired from a gun, the liquid, initially, is not rotating with the
projectile. During the down-range flight, the liquid acquires angular momentum from the
projectile and the liquid spin rate approaches that of the projectile. This process of the liquid
acquiring angular momentum is referred to as the spinup process. This process, whereby the
liquid acquires angular momentum from an initial condition of zero rotation, was explained by
Wedemeyer.* Wedemeyer showed that for the case of a completely filled cylinder, viscous regions,
known as Ekman layers, near the end walls act as centrifugal fans sucking non-rotating liquid
from the inviscid core and throwing the liquid outwards.

To incorporate liquid effects (spinup process) on rigid body spin decay, the
difference between rigid body rotation and zero liquid rotation at the muzzle is calculated. The
theoretical spin decay assumes a percentage of liquid rotating w:th the projectile at muzzle exit.
The particular decay curve (see the figure) for the percentage of liquid rotating with the
projectile at muzzle exit is:

y=a (5)
where
a = percentage of liquid rotating ~ith the projectile at muzzle exit.
t = time after launch
y = spin decay correction factor.

The decay curve asymptotically approaches the t-axis. The value of y (equation 5) ;> multiplied
by the difference between rigid body payload rotation and zero payload rotation at muzzle exit
to determine projectile spin decay due to liquid effects.

10
0.9 |
y = at
8 t = TIME (SEC)
0.8 ; s = PERCENT LIQUID SPINUP
IN THE PROJECTILE AT
074 MUZZLE EXIT
_ Y = SPIN DECAY CORRECTION
S oe{ FACTOR
9 %
= 05
=
> 044
0.3 |
0.2 1
o1 ¢
0 " y——t —————t——s
(] 6 6 7 8 9 10 11 12 13 14 15 18
t (SEC)
Figure. Spin Decay Curves for Liquid-Filled
Spin-Stabilized Projectiles

* Wedemeyer, F. H. BRL Report 1252. The Unsteady Flow Within a Spinning Cylinder. Aberdeen Proving
Ground, MD 21005. 1963. 10




C. Roll Rate For Fin-Stabilized Munitions.*

Unlike spin-stabilized projectiles whose spin is generated by the gun tube rifling,
fin-stabilized munitions generate spin by the air flowing over the canted fin blades. The spin
equilibrium roll rate, pe, for fin munitions is:

Cis VS¢.

™ T, d

(6)

where
Cys = roll moment coefficient due to fin cant (at zero spin)
Clp = roll damping-moment coefficient
S¢c = fin cant angle, radians
V = velocity, ft/sec
d = maximum projectile body diameter, ft

Theoretically, resonance instabilities can occur in spin-stabilized projectiles due to
the coincidence of spin and yaw frequencies, however, this phenomenon is more likely to occur

with fin-stabilized projectiles. The spin is most likely to coincide with nutational frequency Jbl,
given by:

2 05
FRRN (1 i M) - ?2.(1 + @4/s%5 ™
2 4

where

Sg = gyroscopic stability factor

Sd3
M= = CMa
21}’

Cpa = static moment coefficient, per radian
d = maximum body diameter, ft
p = air density, slug/ft3

S = projectile cross-sectional area, ft2

* Engineering Design Handbook AMCP 706-242. Design for Control of Projectﬂe Flight Characteristics.
Headquarters, US Army Materiel Command, Washington, D.C. 1966.
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u = static mo.x;wnt factor (per radian)

P = spin in radian per caliber of travel

I, = axial moment of inertia, slugs - ft2

I, = transverse moment of inertia, slugs - ft2

This reduces to a resonance roll rate, P, represented as:

pr=< u )0.5
Iy - Iy

It has been suggested that the roll rate at exit for a fin munition fired from a rifled
tube should be three times resonance roll rate. A fin munition fired from a smooth-bore tube
exits with zero spin. Theory states that munition roll rate will pass through resonance roll rate
prior to equilibrium roll rate. The greater the equilibrium roll rate/resonance roll rate ratio the
shorter vime the projectile is in the vicinity of resonance roll rate, thus temporary growth in yaw
due to resonance will be insignificant.

I1l. THE PROGRAM.

The program given in Fortran symbols on pages 13 through 20 calculates the flight
trajectories of spin- and fin-stabilized projectiles with liquid or solid payloads. The input
parameters (i.e., launch conditions, aerodynamic coefficients, projectile physical characteristics)
required are listed at the beginning of the program. The program consists of three parts (1) the
main program calculates trajectory and stability, (2) a subroutine calculates the liquid effects on
projectile spin, and (3)a subroutine calculates equilibrium and resonance roll rates for a
fin-stabilized munition. Sample outputs for solid and liquid spin-stabilized projectiles are shown
in tables 1 and 2. Table 3 shows an output for fin-stabilized projectiles.

12
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S61:z1./56

SD=SN0e(2.-SN0)

oPTZ1

GO 7O 1ls

DETERMINE POINT OF IMPACT
RATIO=-2SAVE/DELZ
XFINAL=RATIO0eDELX+XSAVFE
XMFINL=XFINAL/3 . 28]
ZFINAL=RATIOeQELZ+2SAVF
ZUFINL=7FINAL/3 281

TFINRLZ=RATIO® (T-TSAVE)+ TSAVE
VXFNLZRATIOCDELVX+VXSAVE
VZFNL-RATIO®DELVZ+VZSAVE
VFINALUCSGRT(VXFNLsVXFNLeVZFNLSY2FNL)
THEFNL=ATAN2(VZFNLsVXFNL)
AXFNL=RATIO={ AX-AXSAVE) ¢AXSAVE
AZFNL=RATIO®( AZ-A2SAVEY+ATZSAVE
AFINALCSORTIAYFNL*AXFNLSAZFNLOAZFNL)
THACFL=ATANZ2CAZFNLe AXFNL)
OXFNL=RATIO«{DX-DXSAVE) ¢DXSAVE
DEFNL-RATIO®(DZ-D2SAVE) +D2SAVE

OF INALZSORT(DXFNLsOXFNL+D2FNLsD2FNL)

THACFLITHACFL®18U./3.14159
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320 THEFNL‘THEFNL‘IBD /73.18159 T
321 WRITELEs3) TFINIL.YHEPNL-lﬂFINLcZHFINlovFINAL-AFINALo
122 1 THACFLe DFINAL
323 3 FOIMAT(1Xs15HPOINT OF IMPACT /¢ IXe8F9,.2)
$2u e C COMPARE $6 TO SDO
12% e IF(JD.ER.0)GO TO 379
35 WRTITE(E+ 381 IPRATIO
127 351 FORMAT(/elXe42HRATIO OF EQUILIBRIUM RALL/RESONANCE ROLL =«F10.4)
3.5 . 379 IF(KOPTNC.2) GO TO 471
127 JAZ1
T 471 1F(JB.GT.0) GO TO 435
331 IFIJA.FQ.1) GO TO 106
332 WRITE(E.121)
1353 121 FORMAT(/e1X+23HSOLID FILLED PROJECTILED
33U G0 YO 122
535 126 WRITE(E+113)
136 113 FORMAT(/+1Xe24RLIJUID FILLFD PROJUECTTLE)
337« 122 WRITE(E. 101 ) SG
138 . 1J1 FORMAT(/+1Xe30QHGYROSLOPIC STABILITY FACTOR = »F10.4)
333 dRITE(6+1021 SDO
Tue 102 FORMAT(/¢lX 2 THOYNAMIC STARILITY FACTIR = LF13.4)
bR I IFISG1.6E.53) GG 1O 210
342 WRITE(6+205) S5G1l+SD
43 O FOOMAT (/1Y UYHPROJECTILE IS STASLE SINCE 3 1./7°G € SuCt2.n-S00de
; T4y 1FlO0.803H € «F7.4)
! 3uS» G0 YO 445
2ug e 210 wRITE(64220) 5G1eSE
Tule P20 FOQMAT(/elXeSIHARDJECTILE IS UNSTA:LE SINCE ¢ 14755 > S00(2.0-<00)
3uc e 1eFIN4e3H > oF7,.4)
Ju3s 425 CONTINUE
357 223 END
Cm—— = g — A v A o e i wv— © M. - i T Al
ls» C T™IS SURROUTINE CALCULATES THE SROJECTIL® S°IN
2 C CECAY ASSUMING VARIOUS LIO SPINUP IN THE TUBEe«Se
e C w 1S THE PERCENT DECAY AT TIME.TIe FOR A GYVEN
4 SURRQOUTINE DECAY
Se COMMON/BLKU/BoeWeTT THMAY
6e IFIB.6T.0.0.AND8eLTleM GO TO 10
T WRITE(B.5)
8 S FORMAT(1Xe21H ERROR PERCENT SPINUP)
33 sTopP
10 10 W=ResT]
11l » TI=T1+.02
129 IFITI.LT.TMAXY GO TO 2N
13s TMAX=TI
lée GO Yo 790
L ’ 15+ 20 IFIW.G6T.0.001) GO 1O 70
16+ THAX=TI
17 70 RETURN .
, 13 ENOD
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ls»
2
3=
4
5%
b
7
s
qs
17
11
12»
13+
1u»

l-\‘

-

a8
17»
13
13
20 »
<l
22
REE
PR
25
RECR
<l
28
29
30

C sus
(ol 3
C PR

40
45
50

20
10

30

ROUTINE CALCULATES SPIN FOR A FIN MUNITION
IS THE EQUILIBRIUNM ROLL IATE.
IS THE RESONANCE ROLL RATE
SUBROUTINE FIN
COMMON/BLK]L /CSLoSFCeCLDPeOPTePe Ty
COMMON/RLK2/DENeVeS+DIADELY
COMMON/BLKI/CMe SPINsPRAT IO AXMS ¢ TRAN
REAL MU
- DOUBLE PRECISION SPIeE
€=2.71828%eT :
p1=-CSL/CLODP
D2=(VeSFC1/701Ia
SPINZD1eD2
IFtT.EQ0.5.) GO TO SO
IFIP.EQ.SPIN) GO TO SD
IFIP.LY.SPIN) GO TO &0
SPIZSPINC(P-SPIN)s(l./E)
60 TO &5
SPI=P+{le-(1ea/7E)e(SPIN-P)
SPIN=SPI
MU, S5eDENeVes 2, sSeDIACH
IFIOPT.GT.0.) GO TO 30
IF(CH.LE.D.0) GO YO 10
WRITE(6.20)
FORMAT(/+1X+45H SUBROUTINE TEQUIRES NESATIVE STATIC MOM COEF)
stop .
PRE(SORT(-MU/ ({TRAN=-AXNMS)I IV /(2.,23,10616)
PRATIO=SPIN/PP
RETURN
END
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IV.  CONCLUSIONS.

The program analyzes projectile flight as shown by the sample outputs. These
predictions for spin- and fin-stabilized projectiles will assist design personnel in evaluating a
projectile flight. However, it should be noted that since the program does not take into account
meteorological conditions, other than air density, and that it adapts simple particle trajectory

theory, the output provides a good trajectory estimate for a projectile fired under normal
conditions.
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